An increasing number of companies are experimenting with 'designerly ways of innovating' to improve the agility, speed and hit rate of their innovation activities. Codesign activities are emerging as part of a design-led innovation approach. Whilst there is extensive academic literature on design process performance metrics, they have rarely been applied by organisations that are testing co-design activities, possibly due to the time and effort that is required to apply them. This paper begins to address this challenge by developing a tailored suite of design process performance metrics. Some basic guidelines from the academic literature and the results of a practitioner survey inform the selection of metrics. We go on to apply the metrics to real-world projects within companies that are trialling technology-supported co-creation sessions. The metrics and the insights into their development and application are likely to prove useful to other design researchers and practitioners that wish to evaluate the benefits of adopting codesign activities as part of a design-led innovation approach.
Introduction
An increasing number of companies are experimenting with 'designerly ways of innovating', adopting approaches and practices from 'design thinking' (Brown, 2008) to improve the agility, speed and hit rate of their innovation activities. One of the core principles of design thinking is to test ideas, gather data to evaluate what works and then reject what is not working and retain that which does work. But how can design practitioners evaluate what innovation methods work and do not work for their organisation? Whilst there is extensive academic literature on metrics that can be used to evaluate the performance of innovation activities and the design process, they have rarely been applied by organisations that are testing a design-led innovation approach. This may be due to the fact that many of the proposed metrics require significant data gathering activities and analysis to apply. This paper therefore sets out to establish a set of design process performance metrics that can be quickly and efficiently applied by organisations that are experimenting with design-led innovation approaches.
The motivation for this work comes from the SPARK project, a three-year, collaborative research project supported by the EU's Horizon 2020 research programme that is investigating the potential for using augmented reality technologies to support co-creation in product and packaging design. The industrial partners of the project have been experimenting with the 'Spatial Augmented Reality' (SAR) technology developed within the project, which enables a physical 3D prototype to be enhanced with a digital overlay to show various features of a concept. For packaging design, such features can include logos, labels, product images, and other graphics. For product design, features such as buttons, displays, speakers, and lights can be represented -see Figure 1 .
Figure 1: Examples of SAR prototypes used for packaging design (left) and product design (right).
There are several potential benefits of using SAR technology as a means of creating prototypes for co-creative design sessions. First, the prototype retains its tangibility, which can help to avoid misinterpretation of concepts by participants. Secondly, it provides the ability to represent multiple concepts on one physical prototype, thereby reducing prototyping costs. Finally, it offers the ability to make on-the-fly changes to the prototype during the session.
Whilst initial experiments SAR technology within co-creation sessions have demonstrated some benefits -such as improved idea generation and idea filtering -the impact on the overall performance on the design process has not been assessed. The SPARK project needed a set of metrics that could be used by the industrial partners to evaluate the benefits of SAR-enabled co-creation sessions. Beyond the specific interests of the SPARK project, there have been calls for more studies of 'real-world' co-creation and its outcomes as well as studies that help to measure the costs associated with customer co-creation (Gemser & Perks, 2015) . This paper attempts to address this challenge by first developing a suite of metrics for evaluating the impact on design process performance of co-design activities. This is done through a survey of design practitioners that asked about their use of design process performance metrics. We go on to apply the metrics to real world design projects with the objective of demonstrating the practical feasibility and value of applying design process performance metrics when experimenting with design-led innovation approaches.
Literature review
In the following section the academic literature on the development and application of design process performance metrics is discussed.
Metrics of design process performance
Within the design process, performance metrics are typically used to measure the effectiveness of the design activities (i.e. how well objectives are being achieved) and their efficiency (i.e. how well resources are being used) (O'Donnell & Duffy, 2002) . The types of metrics used by an organisation vary depending on its operations, goals and objectives and the choice of metrics should be linked to quantifiable objectives and performance standards (Beaumont, 1996; Neely et al., 1997; Siemens, 2009 ).
Design process metrics focus either on a single business function or the entire process. However, no one business function is the sole contributor to the design process (Bhuiyan, 2011) . For example, a performance metric that measures the productivity of an R&D department might show constant improvement, but that does not necessarily mean that there will be an improvement in the rate at which new products reach the market (Meltzer, 2002) .
The scope of application of design process performance metrics is important to consider. Bhuiyan, (2011) states that it is important to measure the performance of the stages of design process in an interdependent fashion. Similarly, Cedergren, Wall and Norstrom (2010) suggest that there is a need to extend the perception of performance into a more holistic system perspective before there can be any real improvement to the performance measurement system.
There exist many metrics of design process performance. Applying too many metrics can result in a complex measurement system, engendering confusion rather than clarity. Conversely, Griffin (1993) warns against overly limiting the choice of metrics to measure single issue, such as lead time, is unlikely to be beneficial as "producing product flops faster than the firm did before will not help you stay in business" (p. 113).
Other difficulties in measuring design process performance arise from: the less tangible nature of some outputs from design activities (such as knowledge); the long duration and wide range of influences from design to market launch; or the difficulty in defining and measuring design quality (O'Donnell & Duffy, 2002) .
There have been a number of guidelines proposed that aid in the development of performance measurement systems (Beaumont, 1996; Neely et al., 1997; Siemens, 2009) . While the specifics of these guidelines differ, the steps to the various approaches can be summarised and categorised as follows:
2. Define intervention (if applicable) 3. Define the scope of the design process or design activity to be analysed 4. Outline purpose/objectives 5. Define success factors 6. Turn objectives and success factors into metrics to be measured 7. Create a measurement plan When developing metrics for the measurement plan (step 6), it is important that the metrics are accurate, informative and objective. Tatikonda (2008) posits that a metric is characterized by the combination of four aspects: its managerial purpose, object of interest, measurement forms and linkages with other metrics. Additionally, it is important not to focus on what is easily measurable instead of what is important to measure (Beaumont, 1996) .
When evaluating the performance of a design process, is it important to either develop or use existing metrics that relate to the purpose of measurement. Sometimes existing metrics are appropriate and other times new ones should be developed and while some metrics can be predetermined and developed in advance, in other cases they emerge during the evaluation (Acosta, Araújo & Trabassos, 2002) . Using an existing indicator or measure can have the advantage of producing robust data which can be compared to other studies, as long as it is appropriate. Table 1 summarises the design process performance metrics that were identified within the academic literature. The metrics are categorised in terms of their topic (product, process, or market and financial) and sub-topic. Depends on the product (Mallick and Schroeder, 2009; Griffin and Page, 1993; Hannachi, 2015; Siemens, 2009) Cost Unit cost of production (Mallick and Schroeder, 2009; Primo and Amundson, 2002; Siemens, 2009) Quality Quality of primary product performance characteristics (Primo and Amundson, 2002) Quality of secondary options or features (Primo and Amundson, 2002) Reliability of the product (Primo and Amundson, 2002) Conformance to established standards (Primo and Amundson, 2002) Durability (Primo and Amundson, 2002) Serviceability (Primo and Amundson, 2002) Aesthetics (Primo and Amundson, 2002) Overall product quality perceived by customers (Primo and Amundson, 2002; Hannachi, 2015) Met quality guidelines (Hannachi, 2015; Griffin and Page, 1993) Process Cost Projected R&D budget (Primo and Amundson, 2002; Hannachi, 2015) Development cost (Griffin and Page, 1993; Siemens, 2009) Production cost (Mallick and Schroeder, 2009; Siemens, 2009) Project speed/ Project completion time (Primo and Amundson, 2002; Terwiesch and Loch, 1999; Siemens, 2009) Time Time between milestones (Terwiesch and Loch, 1999) Percentage milestone dates met (Siemens, 2009) Development time utilization (Mallick and Schroeder, 2009) Time-to-market (Primo and Amundson, 2002; Mallick and Schroeder, 2009; Griffin and Page, 1993; Siemens, 2009) Launched on time (Griffin and Page, 1993; Siemens, 2009 ) Effort Frequency of redesign (Terwiesch and Loch, 1999) Number of design iterations (Terwiesch and Loch, 1999; Siemens, 2009) Labour hours (Siemens, 2009) R&D resource utilization (Mallick and Schroeder, 2009) Market and financial Market share goals achieved (Mallick and Schroeder, 2009; Griffin and Page, 1993; Hannachi, 2015; Siemens, 2009) Profitability/revenue goals achieved (Mallick and Schroeder, 2009; Griffin and Page, 1993; Hannachi, 2015; Siemens, 2009) Overall commercial success (Mallick and Schroeder, 2009) Return on Investment (Mallick and Schroeder, 2009; Griffin and Page, 1993; Hannachi, 2015) Revenue growth (Griffin and Page, 1993) Break even time (Griffin and Page, 1993; Siemens, 2009) Customer acceptance (Hannachi, 2015; Griffin and Page, 1993) Customer satisfaction (Hannachi, 2015; Griffin and Page, 1993) 
Development of the design process performance metrics
The development of the design process performance metrics was informed by the six generic steps previously identified from the academic literature.
Define intervention -In this case, the intervention was the introduction of SAR-enabled co-creation sessions.
Define the scope of the design process or design activity to be analysed -This was not known in advance, but it was initially assumed that the scope would cover the entire design process.
Outline purpose/objectives -The objective was to compare the evaluate the benefits, if any, of conducting SARenabled co-creation sessions.
Define success factors -At this stage it was not evident what potential adopters of the SAR technology would consider to be 'success'. Whilst it was possible to discuss success factors with the industry partners of the SPARK project, it was considered necessary to obtain input from a much wider range of organisations to maximise the potential impact of the SAR technology being developed within the project. In order to obtain this input, it was decided to conduct a survey of design practitioners regarding their use of design process performance metrics -further details of this survey a provided in the following section.
Turn objectives and success factors into metrics to be measured -From the perspective of the SPARK project it was expected that conducting SAR-enabled co-creation sessions would lead to reductions in prototyping costs (as multiple concepts can be projected on to one physical prototype), the number of design iterations (as client feedback could be implemented and reviewed live during the session) and overall design effort (as consequence of the first two improvements). The definition of the metrics was informed by the results from the practitioner survey and is discussed further in the 'Selection of the metrics for application' section.
Create a measurement plan -An initial measurement plan was defined alongside the selection of the metrics to apply and was subsequently refined once the case study project had been identified. This involved adjusting the metrics to better suit the context of the case study project.
Methodology for the practitioner survey
The survey featured two initial questions about the type of organization and industry of the respondent and the importance of design process performance metrics within their organization. Respondents that gave the response 'Not important -we do not use design process performance metrics', were directed to the end of the survey. The remaining respondents were then asked: 'Which of the following design process performance metrics do you encounter in your role?' and were presented with a list of 18 metrics plus options for 'Other' and 'None of the above'. The list of metrics was based the list presented in Table 1 but was reduced from 32 metrics down to 18 to reduce the number of very similar metrics and make the survey quicker to complete (with the aim of increasing the response rate).
The survey was distributed via an email list that included 6000+ designers and engineers from mainly EU-based companies and through design-related networks on social media.
Results of practitioner survey on design process performance metrics
79 survey responses were received. Of these, 21 stated that design process performance metrics are 'very important' within their organization, 28 stated that they are 'moderately important', whilst 30 stated that they did not employ design process performance metrics within their organization.
Concerning the usage of metrics, Figure 2 shows the percentage of respondents that had seen each of the metrics in use in their organisation (n=44). Also shown in Figure 2 is the weighted importance of each of the metrics (n=44). This was calculated by asking the respondents to place the metrics they had selected in the previous question into rank order of importance. A weighting factor was then applied in which the top ranked metric was given a score of 20 (as there were a maximum of 20 possible responses), the second ranked metric was scored as 19, and so on until the respondent had ranked all the metrics they had encountered. The total score for each metric is presented in Figure 2 as a percentage of the sum of all scores. Figure 2 shows the metrics ordered from top to bottom by the weighted importance. A very similar order is obtained if ordered by usage, with the top three most widely used and the most important metrics being: lead time, total development cost, and person-hours spent on the project. The 'Other' category accounted for less than 1% of all response, suggesting that the pre-selected list of metrics was sufficiently comprehensive and complete to capture the vast majority of metrics that are currently in use within the organisations represented.
Selection of the metrics for application
The selection of the metrics for application in the case studies was based on the objectives of the study (i.e. to evaluate the benefits of conducting SAR-enabled co-creation sessions), the success factors (i.e. reductions in prototyping costs, design iteration and design effort were expected), the results of the design practitioner survey, as well as some further practical considerations.
Based on the objectives and the success factors, the 'cost of prototype production', 'number of design iterations', and 'person-hours spent on the project' metrics were prioritised for implementation. Note that the iterations metric was rephrased as 'number of re-work iterations' to clarify that the focus was on reducing the amount of unproductive and repetitive design activities as some amount of 'design iteration' is often linked to positive outcomes in design projects.
From the practitioner survey results, it was clear that 'lead time' and 'total development cost' were both widely used and important metrics and so these were also prioritised for implementation.
In terms of practical considerations, it was not possible to evaluate any of the 'market and financial' metrics from Table 1 as the data required to apply these metrics, such as sales revenue and profit margin, would not be available for many months or even years after the completion of the project. The final practical consideration was the time and effort required to apply the metrics. This led to a self-imposed limit of five metrics. Based on these considerations, Table 2 shows the design process performance metrics that were selected for application along with the initial measurement plan (i.e. expected data sources). 
Example application of the metrics to novel co-creative practices
The main aims of this study were to validate the practical applicability of the design process performance metrics and go on to compare the performance of design projects conducted with and without the use of technology-supported co-creation sessions. This study was completed in collaboration with Artefice, a medium-sized brand and packaging design agency based in Italy.
Methodology for the application of the design process performance metrics
The first step was to find one of Artefice's clients that would be willing to participate in co-creative design sessions as part of a real project. The client identified was a large Italian company that produces a wide variety of food products. The client is referred to as 'Food Inc.' in this paper to maintain the anonymity of the company and the personnel involved.
It was then necessary to identify some projects that had previously been completed by Artefice with Food Inc. that had been completed without the use of technology-supported co-creative sessions. The objective was to apply the design process performance metrics to these projects in order to have some benchmark data for the subsequent comparisons with projects that had involved technology-supported co-creative sessions.
Three suitable projects were identified as being representative, in terms of their scope and complexity, of the projects completed by Artefice for Food Inc. The projects were:
• Packaging for frozen pizza, two varieties.
• Packaging for yoghurt, five flavours, two pack sizes.
• Packaging for soup, four flavours.
The next step was to apply the metrics to the selected project. However, a number of challenges for the application of the metrics were identified that required some modifications to the definitions of the metrics.
The 'lead time' metric had been defined as the number of days between project start date and product launch date. Artefice noted that further consideration was required in defining the start and end points of the project in order to ensure a fair comparison between projects. They explained that their design process model covers five main stages: Brief, Analysis, Strategy, Creativity and Output. A common brand strategy had already been developed in a previous project and so these projects had begun at the 'Creativity' phase -see Figure 3 . More importantly, they noted that the duration of the 'Output' phase could vary significantly because the final preparation of the artwork for printing relied on receiving information from the client (such as the nutritional label data) and the manufacturer (print specifications) and was largely beyond the control of Artefice. For this reason, it was decided to omit the Output phase from the comparison and focus the scope of the application of the metrics on the Creativity phase.
Within the Creativity phase there are two stages, 'Ideas Production' and 'Ideas Development'. Ideas Production involves the Artefice design team proposing three to five alternative concepts that are consistent with the brand strategy. When working with Food Inc., the normal practice is that these concepts are sent to the client in the form of a Powerpoint presentation delivered by email. The client reviews the concepts through an internal meeting and then provides written or verbal feedback to the Artefice project manager. Based on the client feedback, some concepts may be filtered out, whilst others might be refined or merged with other concepts to create new variants. From this description of the typical working practices, it was not clear how the 're-work iterations' metric could be applied. It had originally been envisaged that the design team would be able to self-report the number of failed attempts to pass a stage gate in the design process but it seemed defining a 'failed attempt' would prove to be very subjective, as had previously been discussed in the academic literature (Wynn, Eckert & Clarkson, 2007) . Hence, alternative ways of defining the re-work iterations metric were explored. Ultimately it was decided to focus on the number of versions released to the client, either by email or within co-creative design sessions. This was less subjective as part of Artefice's quality and data management policy was to retain digital copies of each version of work released to the client. It was therefore a simple task to review these records and count the number of versions.
The final challenge concerned the 'cost of prototype production' metric. The majority of the 'prototypes' shared with the client during the benchmark projects were digital files (2D layouts or 3D renders) shared by email. This meant that there were no materials costs for prototype production. There were some labour costs, which included the time required from 3D design specialists from within Artefice to produce the 3D renders as well as a small amount of time required from the graphic designers to export the artwork from their design packages into a Powerpoint presentation and add some annotations. The latter was estimated by the Artefice Art Director as requiring 15% of the designers' time on the project on average. The updated definitions of the metrics are presented in Table 3 .
The revised metrics were applied to the three benchmark projects. The relevant data for each of the projects was gathered and collated by the Operations Manager from Artefice working with members of the research team. Where clarifications were required, the designers who had worked on the project were consulted.
The final step involved monitoring a new project with Food Inc. concerning the design of packaging for two varieties of a new fresh pizza product. A co-creative session was organised involving two representatives from the marketing department of Food Inc. working with the Creative Director, a Designer and the Account Manager from Artefice. The session made use of a SAR-based prototype to present a range of alternative concepts -see Figure 4 .
The client representatives provided feedback on the concepts and then a number of new concepts were generated by using the touchscreen interface and the SAR prototype to modify some of the initial concepts presented.
It had initially been assumed that two or three of these co-creative design sessions would be necessary over the course of the project. In fact, according to the Artefice design team, the outputs of the session were sufficiently good that only minor refinements were necessary during the follow-up design work and the client agreed on the final concept shortly after. Hence, only one co-creative design session was held.
Once the project was complete the design process performance metrics were applied in the same way as had been done for the benchmark projects. A comparison was made between the frozen pizza project and the fresh pizza project due to the very good similarity in the content and scope of the projects e.g. very similar product, two flavour varieties for each project, same starting point and end point. The results of the metrics application for the benchmark projects and the comparison with the fresh pizza project are presented in the following section. Results of the application of the design process performance metrics Table 3 shows the results of the design process performance metrics for the benchmark projects and the for the fresh pizza project, which included SAR-enabled co-creative design sessions. The total development costs and cost of prototype production have been normalized, taking the costs for the frozen pizza project as the reference and setting them equal to 100. The costs for the other projects were then scaled accordingly. This was necessary due to the commercial sensitivity of the data. The first point to note is that the application of the metrics only required about 3 person-hours to apply to each project (about two person-days in total). This confirms that the metrics do not require excessive effort to apply and that they can provide timely feedback to the design team. The speed of metric application was helped by the fact that, like most design agencies, Artefice invoice clients based on the actual time and resource spent on a project and so have good processes in place for recording labour and direct costs.
In terms of the impact of the SAR-enabled co-creative sessions, it can be seen from comparing the results of the frozen pizza and fresh pizza projects that the fresh pizza project showed significant improvements in terms of the person-hours spent on the project (33% reduction), the lead time (79% reduction), total development cost (20% reduction) and re-work iterations (50% reduction). Only the cost of prototype production showed a negative trend (47% increase). This was attributed to the additional time required to prepare the digital assets and model for the SAR prototype used in the co-creation session. Clearly, this extra effort in prototype production is worth investing in if it leads to 33% reduction in person-hours on the project.
These results were presented to the Artefice design team and relevant managers a short time after the completion of the fresh pizza project. Artefice were impressed by the design process performance gains that were achieved through the use of the SAR-enabled co-creation sessions. These results contributed to Artefice deciding to expand the use of technology-enabled co-creative design sessions within their design process.
Conclusions
This paper began by highlighting that, whilst there are a wide variety of approaches, tools and technologies that claim to facilitate co-creative design practices, their impact on the overall design process has seldom been analysed through real-world application of performance metrics. The primary contribution of this paper is that it has demonstrated that it is possible to develop a suite of metrics to assess design process performance that can easily be applied by practitioners to evaluate the benefits of adopting new design-led innovation approaches.
The experience of applying design process metrics to real-world cases has generated (or reinforced) a number of insights that may be helpful for design practitioners and researchers. First, deciding which metrics to apply will depend on a number of factors:
The main purpose of applying the metrics (Beaumont, 1996; Neely et al., 1997; Siemens, 2009 ) -For example, in this study the main purpose was to evaluate the impact of conducting technology-enabled co-creative design sessions. This led us to include metrics concerning prototyping costs and re-work iterations as metrics that were very relevant for this topic.
The audience for the results -As designers were the main audience for this study, the focus was kept on metrics that could provide timely feedback about the efficiency gains that could be obtained from conducting technology-enabled co-creative design sessions. If the audience is senior executives, it may be more important to present metrics related to the market success of the product even if that means waiting longer to gather the market data to feed such metrics.
The availability of data within the company -This is important as it will help to ensure that the metrics can be applied with minimal additional effort. It is very useful to see what types of design records are kept (in terms of time sheets and project expenses accounting etc.) and the level of granularity of those records as this will help to avoid defining metrics that require changes to the record keeping practices within the company. However, this goes against the recommendation of Beaumont (1996) , who suggests that metrics should be selected based on what is important to measure rather than what is easy to measure.
Another insight is that it is important to carefully consider how to define the start and end points of the project to ensure a fair comparison. This will depend on the main purpose for applying the metrics but should also take into account the nature of the design process and the normal ways of working at the company. Companies that have formally defined stage gate processes may be more conducive to metric application than those with more fluid, informal design processes.
A secondary contribution of this paper is that it provides some initial data concerning the impact of SARenabled co-creation sessions on design process performance. The findings suggest that conducting this type of session can lead to significant improvements in design process performance in terms of: person-hours spent on the project, lead time, total development costs and the number of re-work iterations. Further studies are required to further validate these initial findings and the metrics could be proposed for studies of other types of technology enhanced sessions.
The main limitation of this paper is that the proposed design performance metrics do not take into account any factors concerning the market success of the resultant products. Evaluating metrics related to market and financial success is clearly possible as they are widely mentioned in the academic literature (see Table 1 ) and several of these factors appeared in the results of the practitioner survey (e.g. 32% of respondents had encountered the use of Return on Investment as a design process performance metric). However, from a designers' perspective, the practical value of such metrics might be limited as there is often a significant time delay between the end of the main design activities and the point at which meaningful market success feedback can be obtained (in the order of many months or even years). From a design managers' or senior executives' perspective market success metrics are still likely to be useful when evaluating the success of the product strategy and overall business strategy. This highlights that design process performance metrics need to be selected taking into consideration the intended audience and purpose.
In summary, we have shown that, by following some basic guidelines, it is possible to develop a suite of metrics that can be applied quickly, using data that is readily available within most organisations and that the results can be used to provide meaningful and timely feedback to the design team. This approach could therefore prove useful to other design researchers and practitioners that wish to evaluate the benefits of adopting design-led innovation approach.
